We describe a scalable method to fabricate nanopatterned bioinspired dry adhesives using colloidal lithography. Close-packed monolayers of polystyrene particles were formed at the air/water interface, on which polydimethylsiloxane (PDMS) was applied. The order of the colloidal monolayer and the immersion depth of the particles were tuned by altering the pH and ionic strength of the water. Initially, PDMS completely wetted the air/water interface outside the monolayer, thereby compressing the monolayer as in a Langmuir trough; further application of PDMS subsequently covered the colloidal monolayers. PDMS curing and particle extraction resulted in elastomers patterned with nanodimples. Adhesion and friction of these nanopatterned surfaces with varying dimple depth were studied using a spherical probe as a counter-surface. Compared with smooth surfaces, adhesion of nanopatterned surfaces was enhanced, which is attributed to an energy-dissipating mechanism during pull-off. All nanopatterned surfaces showed a significant decrease in friction compared with smooth surfaces.
Introduction
Many animals have evolved adhesive organs on their feet enabling them to strongly attach to and quickly detach from nearly any kind of surface. These organs come in two basic designs: (i) pads densely covered with micro-or nanosized fibrils ('hairs') with a wide variety of tip shapes, observed in, for example, spiders, geckos, beetles and flies, and (ii) pads with macroscopically smooth surface profiles, observed in, for example, tree frogs, ants and grasshoppers [1] . Regardless of the design, both types use non-covalent surface forces to achieve adhesion, and research suggests that they rely primarily on van der Waals forces [2] . The surface structure, not the chemistry, is therefore dominating the function of natural adhesive systems.
Over the last decade, synthetic patterned surfaces have been developed to mimic the geometry of natural attachment systems [3, 4] . Initial research focused on the development of vertical pillars with diameters in the micrometre range [5] [6] [7] . To fabricate more complex structures, closer in design and performance to natural systems, relatively expensive semiconductor technologies and multistep patterning techniques have been used [8] [9] [10] [11] [12] [13] . Alternatively, wrinkling techniques have been explored as a scalable, potentially cheaper production method. Wrinkled surfaces have been shown to increase or decrease adhesion depending on the testing geometry and wrinkle dimensions [14] [15] [16] [17] [18] . Ideally, however, scalable methods should not be limited to two-dimensional patterns, as more complex, three-dimensional sub-micrometre structures would enable the fabrication of surfaces with different property profiles [19] .
In this study, we describe a novel approach based on colloidal lithography to make bioinspired, patterned, dry adhesives. Colloidal lithography is a technique that uses self-assembled colloidal monolayers for fabricating patterned surfaces with nanometre precision. This technique has proved to be a fast and cost-effective alternative to other nanofabrication processes such as electron beam lithography or focused ion beam lithography [20] . Recently, several groups have reported methods to produce large-area, highly ordered, colloidal crystals. For example, Pan et al. [21] introduced a dynamic interface, by stirring the aqueous subphase, to facilitate colloidal crystal formation at the air/water interface. Retsch et al. [22] reported a two-step procedure in which colloids are applied to a glass slide by spin-coating. Subsequently, a colloidal monolayer was formed upon immersion of the glass slide in an aqueous surfactant solution [22] . Assembly at the air/water interface was also successfully achieved by using interfacial deposition via a glass slide [23] and a needle tip [24] . In these examples, the liquid interface acts as the assembly scaffold after which the monolayers are transferred to a solid substrate for further processing. Alternatively, material can be deposited via chemical reactions directly onto the colloidal monolayer at the air/liquid interface. This method was used to fabricate free-standing porous films [25] and nanobowls [26] , by reacting monomers or inorganic precursors at the gas/liquid and liquid/solid interface, respectively.
Here, we fabricated nanopatterned polydimethylsiloxane (PDMS) surfaces, using colloidal lithography directly at the air/water interface. We show that close-packed monolayers at the air/water interface can be used as a template without the need to transfer the monolayer to a solid substrate. By omitting transfer and drying steps in the process, pattern disruption was minimized. Colloidal monolayers were obtained for a range of particle sizes. Moreover, the subphase was used to systematically tune the order of the colloidal monolayer and to change the immersion depth of the particles. This led to direct control over the topography of PDMS surfaces. In addition, the adhesion and friction of the nanostructured surfaces were measured, demonstrating that structuring resulted in enhanced adhesion and decreased friction.
Experimental section

Materials
All materials were purchased from Sigma Aldrich and used as received. PDMS (Sylgard 184) was mixed in a ratio of 1 : 10 of cross-linker: prepolymer by weight and degassed by centrifugation. Deionized water, from Barnstead Easypure UV system (Thermo Scientific), was used in all experiments.
Particle synthesis
Carboxylated polystyrene particles were synthesized in a one-step synthesis according to [27] . Briefly, for the biggest particles, water (120 g), itaconic acid (0.5 g) and styrene (24.5 g) were heated to 808C in a round bottom flask and flushed with nitrogen for 45 min. Meanwhile, 4,4 0 -azobis (4-cyanovaleric acid) (ACVA; 252.4 mg) was dissolved in water (6.3 g) and 1 M NaOH (2 g). After adding this mixture to the round bottom flask, the solution reacted overnight under continuous stirring at 500 r.p.m.
The smaller particles were synthesized using 125 ml water, 5 or 10 g styrene and 0.1 g (for 5 g styrene) or 0.2 g (for 10 g styrene) itaconic acid, and a temperature of 858C. The reaction was initiated with 0.05 g ACVA (for 5 g styrene) or 0.1 g ACVA (for 10 g styrene).
The product was filtered over glass wool to discard some coagulum that was formed during the reaction. The filtered particles were treated using two different protocols. Colloidal dispersion CP ('carboxylated particles') was directly exchanged to ethanol by three cycles of centrifugation at 4500 r.p.m. for 1 h followed by resuspension in ethanol. Colloidal dispersion CP-W ('carboxylated particleswashed') was washed in water by three cycles of centrifugation at 4500 r.p.m. for 1 h followed by resuspension in Milli-Q water. After this washing step, CP-W was exchanged to ethanol, using the same procedure. The smaller particles were treated similarly to CP-W.
Particle characterization
Static light-scattering measurements were performed on an ALV instrument equipped with an ALV7002 external correlator and a 300 mW Cobolt Samba-300 DPSS laser operating at a wavelength of 532 nm. The scattering intensity was recorded at 158 u 1208 in intervals of 28, and the curve was fitted to a form factor of a solid sphere. From this measurement, an average radius of 574 nm and a polydispersity index (R w /R n ) of 1.01 were obtained (see the electronic supplementary material, figure S1a).
The surface charge of the particles was determined by titration of 50 ml colloidal dispersion in Milli-Q water (26 g l 21 for
CP and 11 g l 21 for CP-W) with 0.1 M NaOH and using the titration of 50 ml Milli-Q water (brought to low pH with 2 ml 1 M HCl) as a reference (see the electronic supplementary material, figure S1b). The difference in NaOH required to reach a pH of 9.4 (well above the pK a values of itaconic acid, which are pK a1 ¼ 3.85 and pK a2 ¼ 5.44 [28] , but below the plateau in the pH curve) between the dispersion and the reference sample is taken as the number of itaconic acid groups in the sample. The weight per particle is calculated using the density of polystyrene. As the weight of all particles during titration is known, the number of charges per particle can be calculated. The parking area is then (particle surface area)/(number of charges per particle) and is 0.11 nm 2 per charge for both CP and CP-W.
Surface structure fabrication
Samples were prepared in polystyrene Petri dishes. This procedure is shown in figure 1 . The pH of the subphase was varied between 1 and 11, keeping the ionic strength constant at either 10 23 or 0.1 M. A piranha-cleaned coverslip was placed diagonally against the side, and a suspension of particles in ethanol (20 wt%) was applied via this coverslip onto the water subphase using a pipette ( figure 1a(i) ). The area covered by the particles at the air/water interface was easily visible, and thus the amount of particles could be adjusted during preparation. The monolayer was left to equilibrate for at least 1 h before further processing, to ensure evaporation of all ethanol from the air/water interface. A syringe with a blunt tip needle was filled with PDMS and a small droplet was applied to the side of the Petri dish containing the monolayer of particles. Upon reaching the water surface, the droplet spread quickly (figure 1a(ii)). Next, PDMS was applied to the complete circumference of the Petri dish. This resulted in a ring of PDMS on water. By slowly adding more PDMS to this ring in a spiralling manner, PDMS eventually covered the whole interface. PDMS was allowed to cross-link at room temperature for 2 days, resulting in PDMS layers of 0.2-0.6 mm thickness (figure 1a(iii)).
To remove the template particles from the PDMS mould, we first applied Scotch Magic Tape, which removed the largest portion of templating particles. The remaining particles were removed by soaking the sample in N-methyl-2-pyrrolidone (NMP) for 1 h, followed by dipping the samples 30 times in NMP in an ultrasonic bath (figure 1a(iv)). NMP was chosen as the solvent because it dissolves polystyrene, yet does not swell PDMS. The samples were stored at room temperature.
Crystallinity determination
Monolayers were scooped from the air/water interface with wet, piranha-cleaned coverslips. The area of the monolayers on these coverslips ranged between 0.5 and 2 cm 2 . Twenty statistically independent images were acquired with bright field microscopy at random locations across each sample. The centroid positions of all particles in the images were determined using standard particle-tracking algorithms [29] with a lateral resolution of approximately 20 nm. Approximately 10 000 particles were found per image; per experiment we thus analysed 20 Â 10 000 ¼ 200 000 particles to assess the crystallinity of the monolayers. We then computed the number of nearest neighbours, using a cut-off distance of 1.25Â the particle diameter (for Matlab code, see the electronic supplementary material, S7). We considered a particle crystalline only when it had exactly six nearest neighbours in these hexagonal lattices. This method of assessing crystallinity is very strict: for example, all six particles surrounding a vacancy are not regarded as crystalline, while in fact they are part of the crystal lattice. However, assessing the crystallinity by using the more elaborate Steinhardt orientational bond order parameter, C 6 [30] , showed the same trends as simply counting the number of nearest neighbours [31] . Therefore, the nearest neighbour method was used here.
Immersion depth determination
We put Petri dishes with monolayers in a desiccator, added some droplets of ethyl cyanoacrylate in a separate dish and let the system react under reduced pressure for 2 h. Ethyl cyanoacrylate starts to polymerize when it comes into contact with water. The apparent radii of the particles embedded in poly(ethyl cyanoacrylate) was determined from scanning electron microscopy (SEM) images (68-78 particles per image) using the Analyze Particles function in IMAGEJ. See the electronic supplementary material, figure S3a, for a definition of apparent radius. Six two-tailed t-tests were performed to test whether the differences in apparent radii were significant (with p , 0.001) and the Bonferroni method was used to correct for multiple testing. This apparent radius was used to calculate the immersion depth, which is the height percentage of the particle that is immersed in the subphase (see the electronic supplementary material, figure S3b). 
Atomic force microscopy
The PDMS samples were cut and embedded in Norland Optical Adhesives 60 on a silicon wafer. Samples were cleaned with Scotch tape and were imaged using a Nanoscope V in Scan Asyst imaging mode, using non-conductive silicon nitride probes (Veeco, NY, USA) with a spring constant of 0.32 N m
21
. Images (2 Â 2 mm) were recorded at 0.990 Hz with 512 lines and further processed with NANOSCOPE ANALYSIS v. 1.40 software. This software calculates the area per projected area by creating a three-dimensional tessellation of the surface. More specifically, the actual area is defined as the sum of the areas of every triangle formed by three adjacent data points using the (x, y, z) position of each datum point. Three independent atomic force microscopy (AFM) images were used to determine the actual area per sample. After this, the height with the highest frequency was subtracted, such that the peak was positioned at zero, and all values were multiplied by 21, so that negative values denote negative asperities and positive values denote positive asperities. The dimple depth was determined from the histogram at 0.1 arb. units.
Light microscope
Images were recorded with a Zeiss Axiovert 200 equipped with a 100Â oil-immersion objective and a Phantom V91 camera.
Scanning electron microscopy
Samples were sputtered with gold (30 mA, 40 s) using a JEOL JFC-1300 autofine coater and imaged using a JEOL JAMP-9500F Field Emission Auger Microprobe. High magnification and tilt images were measured using a FEI Magellan FESEM.
Adhesion measurements
Adhesion measurements were performed using the forcecontrolled set-up shown in figure 2 as described in [32] . Forces were measured using a bending beam with a spring constant in the normal direction of 27.3 N m
21
, and in the in-plane direction of 9.8 N m 21 . A spherical Al 2 O 3 probe with a diameter of 4.76 mm (Edmund Optics) was glued with Norland Optical Adhesives 61 to a glass coverslip and this coverslip was attached to the distal end of the bending beam. The probe was brought into contact with the PDMS 50 times before the measurements started, and not cleaned in between measurements. This avoids variation in pull-off forces due to transfer of PDMS oligomers between the surfaces [33] . For all measurements, the probe was moved towards the sample until a predefined preload was reached, which took between 0 and 5 s, and the time lag thus varies between 0 and 5 s. Pull-off forces were measured at nine different preloads, ranging between 0.2 and 5 mN, and using a motor velocity during pull-off of 1 mm s
, at the same spot. At least five different areas per sample were measured, and all measurements can be found in the electronic supplementary material, figure S6 .
Friction was measured at least 10 times per sample by applying a normal force of 0.5, 1 and 2 mN for 5 s, followed by shearing the probe with a motor velocity of 100 mm s 21 for 20 s, while keeping the normal force constant via a 20 Hz force feedback mechanism. For the friction measurements of flat PDMS, a stiffer bending beam (spring constant in the inplane direction: 27.6 N m
) and a normal force of 0.5 mN were used. However, the friction force required to initiate sliding was not met, and thus we can only say that the static friction force of smooth PDMS is more than 70 mN. S2 could not be measured at a normal load of 2 mN for the same reason: the friction force required to initiate sliding was not met.
Results
Surface structure fabrication and characterization
Monolayers were prepared as shown in figure 1a. Upon applying the particle suspension in ethanol on water, a surface tension gradient was generated that caused the dispersion to rapidly spread outwards and cover the interface with particles [24] . Regions with distinct Bragg reflections formed spontaneously, which indicated the formation of close-packed and organized domains. The self-assembly of charged micrometre-sized colloidal particles at an air/water interface is governed by a competition between attractive capillary forces and repulsive electrostatic dipolar forces [34] . We observed the spontaneous formation of islands of close-packed particles, which suggests that attractive forces dominated. The charges on the particles originated from co-polymerization with itaconic acid (figure 1b). The charge density increased with increasing pH, as more itaconic acid groups were deprotonated. The parking area at pH 9.4 was calculated to be 0.11 nm 2 per COOH group. This value is relatively small compared with values in the literature [35] , but the substantial ionic strength of the subphase screened the electrostatic repulsion between the particles, and thus attractive forces dominated nonetheless.
To use a monolayer of particles at the air/water interface as a template, the deposition material should (i) be immiscible and non-reactive with water, (ii) be able to cross-link in the presence of water, (iii) be able to replicate micrometre to nanoscale features, and (iv) have a lower density than water. PDMS was selected because it fulfils these criteria and is a well-characterized material. PDMS completely wet the air/water interface [36] , and thus formed a homogeneous film at the interface. During spreading of the initial PDMS droplet, the particles were pushed together, similar to compression in a Langmuir trough. This resulted in close-packed monolayers composed of the islands formed during deposition. A representative example of nanopatterned PDMS is shown in figure 1c , in which the Bragg reflections can be clearly seen. The crystallinity of the monolayers was assessed by scooping monolayers, which were not cast in PDMS, and imaging them with brightfield microscopy (figure 3a-c). We confirmed the presence of a monolayer, rather than multilayers, by changing the focus and thus scanning through the sample. The positions of all particles in the images were found using a particle-tracking algorithm, and this spatial information was used to quantify the number of crystalline particles, i.e. particles with exactly six nearest neighbours (see Experimental section and the electronic supplementary material, S7). An exemplary result of this analysis is shown in figure 3d -f, where crystalline particles are shown in red (dark grey in printed version), and non-crystalline particles are shown in light grey. The normalized crystallinity per image was then calculated using normalized crystallinity ¼ crystalline particles total number of particles :
This quantitative assessment of the crystallinity of the monolayer proved insightful to study the effects of subphase characteristics on the ordering of particles. Common, more qualitative methods include visual inspection of micrographs or iridescence of the monolayer [22, 26, [37] [38] [39] , observation of moiré patterns upon thin film folding [40] , diffraction pattern analysis [41] , Fourier transformation [24, 42] and microscopy to see grain sizes [43] . In these methods, subtle differences in order are not easily picked up, while our approach allowed for straightforward comparison of the crystallinity of different monolayers. Figure 3g -i shows SEM images of the monolayer embedded in PDMS. We found that PDMS did not disrupt the monolayer, as a similar order was observed in light microscopy and SEM. Figure 4 presents SEM images of the resulting nanopatterned PDMS surfaces after particle removal. Colloidal monolayers were obtained for a range of particle sizes, which resulted in nanostructured PDMS with different feature sizes (electronic supplementary material, figure S2 ). These results indicate that our method allows direct control over the topography of PDMS by tuning the properties of the colloidal monolayer. Figure 3 clearly shows that the degree of crystallinity of the colloidal monolayer was strongly dependent on the pH of the subphase. The sample at pH ¼ 3 (figure 3a) was largely disordered, while large domain sizes were obtained for samples prepared at pH ¼ 10 (figure 3c). Samples prepared at intermediate pH value ( pH ¼ 7) exhibited intermediate order ( figure 3b) . We then systematically investigated the degree of order of the samples as a function of the composition of the subphase for two types of particle dispersions, CP and CP-W (figure 5). The CP dispersion contained residual styrene-itaconic acid oligomers, whereas the CP-W dispersion was thoroughly washed with ultrapure water to remove these oligomers to a great extent. To study the pH effect on monolayer formation, the pH was adjusted with HCl and NaOH, while keeping the ionic strength constant. The pH was calculated from the known composition of the subphase and not determined experimentally, but we expect no strong deviations between calculated and actual values due to the low particle concentration in the overall system. The crystallinity was again determined by scooping monolayers and subsequent light microscopy imaging. Figure 5a shows that the crystallinity increased with increasing pH for both CP and CP-W. At higher pH, the charge density at the particle surface was increased. Itaconic acid groups contain two carboxyl groups, with pK a1 ¼ 3.85 and pK a2 ¼ 5.44 [28] . The onset of increasing crystallinity indeed coincided with dissociation of the first carboxyl group at pH higher than 4. The increased charge density resulted in larger electrostatic repulsion between the particles. The increased electrostatic repulsion counteracts the attractive van der Waals and capillary forces. Consequently, the particles remained more mobile at the interface, resulting in more ordered monolayers [20, 22, 23] . Thus, at pH 3, particles that approach each other closely (i.e. by capillary forces) immediately feel the attractive van der Waals forces that bring them in close contact. This process immobilizes the particles and results in monolayers with relatively low crystallinities. At pH 10, the electrostatic repulsion is greatly increased. This increases the energy barrier for a close contact between particles and the particles have sufficient time and mobility to crystallize in a low free energy position. Hence, monolayers with higher crystallinities are obtained [23] . Solid symbols denote samples for which the pH of the subphase was constant during processing. Open symbols denote samples for which the pH of the subphase was kept at pH 10 during self-assembly and adjusted afterwards.
Influence of subphase
It was observed that monolayers made from CP were lessmobile and mechanically more stable than CP-W monolayers. More specifically, when part of the CP monolayer was scooped with a coverslip, the hole left in the monolayer remained square, whereas for CP-W the particles within the monolayer rearranged after scooping, leaving an irregularshaped hole in the monolayer. We speculate that the surface active styrene-itaconic acid oligomers left in the CP dispersions 'glue' the particles together, in a similar fashion as was observed by Ho et al. [44] for polyethylene oxide polymers. To study the difference in mobility, CP and CP-W samples were prepared at high pH, which resulted in wellordered monolayers. HCl was added to the subphase to lower the pH while keeping the salt concentration constant. For CP monolayers, the order was maintained, even when the pH was as low as 2 (figure 5b). By contrast, lowering the pH of CP-W monolayers decreased the crystallinity significantly (figure 5c). The cohesive layer between the CP particles thus played an important role in preserving the order during further processing of the monolayer.
We also altered the properties of the monolayer through changes in ionic strength of the subphase at constant pH. We determined the immersion depth of CP-W particles in subphases at different pH and ionic strength by fixing their position at the interface in a polymeric matrix (figure 6). The matrix was formed by interfacial polymerization of ethyl cyanoacrylate, which was introduced via the gas phase and started to polymerize when it came into contact with water. After drying, immersion depths were determined by imaging the poly(ethyl cyanoacrylate) layer with SEM. Figure 6a -d shows top-view images of monolayers embedded in the cyanoacrylate matrix, where deeper immersion of the particle resulted in a smaller spherical cap and thus a smaller apparent radius. The boxplots of the immersion depth of the particles in figure 6e show that both salt concentration and pH influenced the immersion depth. Statistical analysis showed that the differences between the apparent radius of all four samples were significant (with p , 0.001). Figure 6b ,c shows that an increase in pH led to a deeper particle immersion. Figure 6a ,d also shows that an increase in ionic strength (at pH ¼ 7, thus above the pK a values of itaconic acid) resulted in a deeper immersion, which illustrates that the influence of ionic strength on immersion depth can be more pronounced than that of pH. As discussed earlier, the charge density increases with pH, making the particle more hydrophilic, thus leading to deeper immersion into the water phase. Similarly, increasing the ionic strength leads to screening of the densely packed charges at the particle surface, and thus enhances deprotonation. This in turn also increases the surface charge density and thus the immersion depth in the aqueous subphase [45] .
CP-W monolayers using the same four subphases were prepared and used as templates for PDMS. Figure 6f -i shows SEM images of the resulting nanopatterned PDMS surfaces. Subtle differences in dimple depth were observed, yet were not as pronounced as those observed with ethyl cyanoacrylate. Upon application of PDMS, the immersion depth of the particles may change because of PDMS -PS interactions, thereby reducing the effect of pH and ionic strength. Nevertheless, the results showed that ionic strength and pH of the subphase, as well as particle size, can be used to tune the final topography of the PDMS surface.
Adhesion
To study the effect of topographical differences on adhesion, three nanopatterned PDMS surfaces were prepared by varying the pH of the subphase, as well as a flat control, and force -displacement curves were recorded. We used pH values 3, 5 and 10 to obtain samples with different degrees of crystallinity, according to the results shown in figure 5a. Sample characteristics are the same as described in the previous sections (see also AFM characterization in the electronic supplementary material, figure S4 ) and summarized in table 1. The cross section through the samples was rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141061 approximated by hemispherical dimples separated by flat inter-dimple regions, with a as the dimple depth and l as the dimple wavelength. The wavelength l is defined as the diameter of the particles for a cross section through the centre of the particles. Actual average wavelengths of the samples are a function of the degree of crystallinity and will deviate slightly from this value. Dimple depths were determined from the histogram in figure 7b .
As expected, the normalized crystallinity differed between the three samples and decreased with decreasing pH value of the subphase: 54% for S1, 35% for S2 and 14% for S3. Apart from the crystallinity, the dimple depth also differed between the three samples, which was determined by AFM. First, a cross section through the centre of a dimple of each of these samples was drawn, as shown in figure 7a. Profiles were created by selecting dimples with relatively large inter-dimple regions to obtain flat interdimple regions. As expected, upon decreasing the pH, the dimple depth increased from sample 1 (S1; dark grey), to sample 2 (S2; grey) and to sample 3 (S3; light grey) (see also the electronic supplementary material, figure S4) . Second, histograms of the height distributions of the three nanopatterned samples and smooth PDMS were determined by AFM and show that the same trend in depth was also found over larger areas (5 Â 5 mm). The histogram for smooth PDMS (black) peaks around the normalized zero (see Experimental section for details) and extends slightly to the right, indicating the presence of some small bumps or dirt particles (figure 7b). The histograms of the nanopatterned structures show a broad distribution and extend to the left, indicating dimples. These data were used to determine dimple depths. Force -displacement curves were obtained by moving a smooth spherical probe (of 4.76 mm diameter) against the sample to a defined preload. Subsequently, the probe was retracted with a constant velocity of 1 mm s 21 until the final detachment event occurred giving the pull-off force, which is a measure of the adhesion performance. A representative force -displacement curve is given in figure 7c . At least five series of nine force-displacement curves with nine different preloads were measured on at least five different areas per sample. The example in the electronic supplementary material, figure S5 , shows that the pull-off force did not change within the series. This indicates that we did not damage our structures during attachment and detachment, and thus that our nanopatterned structures can be used repeatedly. Figure 7d shows the average pull-off forces plotted against the applied preload for smooth PDMS and for patterned surfaces. The pull-off force values for patterned surfaces were higher than those for smooth surfaces at almost any preload. Only S2 showed a preload dependency and exhibited a lower pull-off force than the smooth surfaces at the highest preload. Owing to the relatively low preload forces used in this study, and the small dimple size, this decreased pull-off force is unlikely to be due to mechanical damage. For all other samples, the pull-off force did not vary significantly with the preload. Normalized pull-off forces in the preload-independent regime (i.e. less than 5 mN) are plotted in figure 7e .
Previous studies have shown that wrinkles and surface roughness typically decrease adhesive properties [17, 18, 46, 47] , but in some studies adhesion enhancement was found [14, 48] . Adhesion enhancement between compliant smooth surfaces and rigid rough surfaces is often attributed to an increase in true contact area [47] . As long as the roughness of this rigid surface is small enough, the positive effect from the true contact area will outweigh the negative effect from the stored elastic energy, and adhesion will be enhanced. In this study, the maximum true contact area is defined by the smooth rigid probe, and hence does not change.
Moreover, full contact was likely to always be achieved for our structures. Although we did not observe the contact area directly due to the relatively small size of our surface structures, we conclude that full contact was achieved by comparing our surface feature dimensions and material properties with similar surface structures in previous reports [16, 49, 50] . For example, Jin et al. [49] experimentally observed complete contact independent of preload for PDMS wrinkles with a wavelength of 27 mm and amplitudes (analogous to dimple depth) smaller than 0.6 mm, while wrinkles with amplitudes higher than 3.3 mm showed partial contact. The sample with an amplitude of 1.8 mm showed only complete contact upon applying preload [49] . In addition, in a theoretical study by McMeeking et al. [51] , an approximate condition for complete contact of dimpled surfaces without the application of preload, i.e. spontaneous jump-to-contact, was derived. They showed that the depth of a dimple in a compliant material below which full contact occurs depended on dimple diameter (approximated here as dimple wavelength, l), work of adhesion, W ad , and effective modulus, E*, as [51] a ,
Substituting parameter values as obtained by Jin et al. [49] 
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, we obtain a maximum dimple depth of 0.6 mm, which is a larger value than the depths of our samples. Thus, the dimples in this study are most likely to be shallow enough to spontaneously jump to contact.
Although theoretical considerations suggest that complete contact formation may occur for our dimple dimensions, in practice air can be trapped in the dimples and prevent complete contact from being achieved. A difference between our dimpled structures and wrinkles or an array of pillars is that dimples are isolated and air can get locked in. However, PDMS is known to have good air permeability, and air will be removed through the material [52] .
Our results thus support complete contact formation. As stated above, for complete contact the true contact area is defined by the probe and, therefore, our results cannot be explained by a difference in contact area. Instead, the increase in adhesion of our materials may be attributed to a mechanical instability resulting from crack trapping as proposed by Guduru [53] and observed experimentally for surfaces consisting of concentric wrinkles [54] . The waviness of this axisymmetric surface structure resulted in a detachment process with stable and unstable regions. The crack remains stable as it climbs towards the top of a wrinkle. The crack is trapped and an increased force is needed to move it forward. Just after passing the top, the crack becomes unstable and quickly propagates past the trough. Energy is dissipated during detachment from the unstable regions, resulting in increased separation energy [53] . The origin of this dissipation, namely the specific surface structure, is also present in our materials, and for both concentric wrinkles and dimples the crack can be trapped. By contrast, for two-dimensional wrinkled surfaces, it has been observed that the crack first moves parallel to the wrinkles after which it jumps in the direction perpendicular to the wrinkles [17] . Therefore, for two-dimensional wrinkles, this crack-trapping mechanism only applies to the last part of the detachment and may explain why no adhesion enhancement was found for two-dimensional wrinkled surfaces with similar wrinkle dimensions to our dimple dimensions [17] .
An alternative energy-dissipating mechanism may be provided by discrete crack initiation, which has been found for small wrinkle amplitudes of 0.5-5 mm and an aspect ratio of 0.1, but not for slightly bigger wrinkles (amplitude of 3 mm with the same aspect ratio) [17] . For these small wrinkles, the individual wrinkles detach first, during pull-off. This discrete crack initiation throughout the surface dissipates energy. Additional energy could thus be dissipated ahead of the crack front. It should be pointed out that this crack initiation mechanism was found for a planar wrinkled surface in contact with a flat probe, whereas in our case the probe is spherical. Therefore, in our case, the middle region will stay under compressive stress much longer during detachment than when measured with a flat probe. This means that energy dissipation due to discrete crack initiation can only occur in the vicinity of the crack front.
Influence of dimple depth and density
The difference in adhesion enhancement for the three structured samples can be explained considering two parameters: [1] dimple depth and [2] dimple density. The dimple depth determines both the magnitude of the crack-trapping effect rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141061 and the elastic penalty upon compression. These two effects counteract each other. A deeper dimple results in more energy dissipation [53] . However, the larger the dimple depth, the more elastic energy is stored due to surface deformation to achieve complete contact. This stored elastic energy is (partly) recovered and may help to break interfacial bonds. As all three structured samples show enhancement of adhesion compared with the flat control, the energy dissipation through unstable detachment outweighs the elastic penalty, and the net effect of one dimple is an increase in adhesion.
In addition to the dimple depth, the dimple density will also affect the adhesion. More specifically, a higher density may have a larger influence on adhesion. For our samples, the dimple density can be assessed by the crystallinity. A higher (normalized) crystallinity stems from a more efficient packing and thus a higher dimple density. Indeed, if we count all particles in figure 3d-f and compare S1 ( pH 10, normalized crystallinity 0.54) and S2 (pH 5, normalized crystallinity 0.35), a decrease in the number of particles of 6% is found. S3 (pH 3, normalized crystallinity 0.13) shows a decrease of 13% compared with S2.
In our experiments, both the dimple depth and the dimple density are varied for each sample. We find the largest increase in adhesion for the sample with intermediate dimple density and depth. The increase in adhesion per dimple should therefore be higher with increasing depth in this range of depths, but the decrease in the number of dimples with increasing depth counters this effect.
Friction
The friction of the samples was measured by lowering the probe onto the sample, applying a defined constant normal load, and subsequently moving the probe in plane with 100 mm s 21 for 20 s. The static friction of flat PDMS was too high (more than 70 mN) to be measured with our set-up. For the nanopatterned samples, the shear force first rose up to a peak (static friction), and subsequently dropped to a nearly constant value (dynamic friction), which indicates a sliding frictional mechanism (figure 8a) [55] . Figure 8b shows that, compared with flat surfaces, friction was decreased by the patterns. This is in agreement with several previous publications on patterned elastomers: whereas friction measurements on flat PDMS resulted in pronounced stick-slip motion, patterned surfaces with vastly different patterns did not show stick-slip instabilities and showed decreased friction [55, 56] . Lorenz & Persson [57] explained the disappearance of stick-slip motion for patterned surfaces by the occurrence of sequential interfacial slip. They showed that surface patterns with millimetre-sized surface features will reduce the elastic coupling between the different surface features, which can cause these features to move more independently of each other than surface patches on the flat homogeneous surface [57] . This reduces the tendency for macroscopic stick-slip motion. Whereas our dimples are relatively small and shallow they still result in a heterogeneous stress distribution and a decrease in lateral stiffness, as explained by Rand & Crosby [58] . This decreases the friction.
Summary
In summary, we developed a scalable method to fabricate dimpled dry adhesives. Particles formed close-packed islands at the air/water interface that transitioned to well-ordered monolayers by adding PDMS. Colloidal monolayers at the air/water interface were used directly as a template for PDMS. The composition of the subphase was altered to tune the order and immersion depth of the monolayer, which was translated into the PDMS nanopatterned surfaces. These surfaces showed an increase in adhesion, which is attributed to an energy-dissipating mechanism during pull-off, and a decrease in friction. These results show that interfacial templating of colloidal particles provides a promising route for creating functional surfaces of which the three-dimensional topology can be tuned without elaborate and energy-consuming lithographic methods. With the emergence of a wide variety of new methods to tailor the size and shape of colloids, and their organization at liquid interfaces, this opens a wealth of opportunities for lithography-free design of new adhesive and low-frictional materials.
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